This study sought to investigate the way in which the temporal envelope of amplitude-modulated (AM) flickering light is processed in the visual system. To this end, we measured the effects of adaptation on a low-frequency (2 Hz) envelope of AM flickering light with a high carrier frequency (16 Hz). The results showed that sensitivity to the envelope of the AM flickering light was reduced by adaptation to the low temporal frequency, although the AM flickering light had a frequency component at the carrier frequency but not at the frequency corresponding to the envelope. These results suggest that the low-frequency temporal envelope, composed exclusively of high-frequency (first order) Fourier energy, is encoded by a low-frequency selective channel.
Introduction
When two sinusoidal flickering lights with similar temporal frequencies are summed, temporal periodicity at the difference frequency is detected. This phenomenon is referred to as temporal beat, and some studies have used stimuli of this type to investigate temporal visual processing (Burns & Elsner, 1996; Burns, Elsner, & Kreitz, 1992; Baitch & Levi, 1989; Hammett & Smith, 1994; ) . In addition, when random luminance modulation or a sinusoidal flickering light is amplitude-modulated (AM), temporal periodicity at the modulation frequency is detected (Gorea, Wardak, & Lorenzi, 2000; Okamoto, Nakagawa, Fujii, & Yano, 2009; Stockman & Plummer, 1998) . Findings for such summed signals and the AM signals indicate that temporal envelope of luminance oscillation is detected, although no frequency component at the envelope frequency is included in the signal. The mechanism underlying detection of the temporal envelope is still unclear. Electroretinographic (ERG) studies have suggested that the temporal beat is detected on the basis of a distortion product due to a luminance nonlinearity generated at an early stage of visual processing (Burns & Elsner, 1996; Burns et al., 1992) . However, a masking and adaptation study using spatial and temporal beats suggested that beat detection in the spatial and temporal domains is not based purely on distortion products produced by peripheral luminance non-linearity (Hammett & Smith, 1994) . Taken together with the finding that temporal beats are produced under conditions of dichoptic stimulation (Baitch & Levi, 1988) , Hammett and Smith (1994) suggested that the detection of temporal beats may rely on a cortical mechanism.
Temporal visual information is generally thought to be mediated by two temporal channels (filters) in the visual system; one is a lowpass channel tuned to lower temporal frequencies, while the other is a band-pass channel tuned to higher temporal frequencies, although the detected sensitivity functions of the channels vary among studies (Anderson & Burr, 1985; Cass & Alais, 2006; Cass, Alais, Spehar, & Bex, 2009; Hess & Snowden, 1992; Moulden, Renshaw, & Mather, 1984; Snowden, Hess, & Waugh, 1995) . For example, it has been shown that after adaptation to a low temporal frequency, detection thresholds are broadly elevated over the low-frequency range. Conversely, threshold elevations are broadly observed over the high-frequency range after adaptation to a high temporal frequency (Moulden et al., 1984; Hammett & Snowden, 1995) .
A previous study using AM flickering light with sinusoidal carriers showed that the perceived brightness of the temporal envelope of AM flickering light decreased with increases in carrier frequency (Okamoto et al., 2009) . It is possible that the temporal envelope of AM flickering light arises after the carrier component of AM flickering light is subjected to high-frequency attenuation, due to the band-pass or the low-pass channel in the visual system. A psychophysical study showed that sensitivity to the envelope of AM flickering lights with noise carriers does not increase with increasing envelope frequency in the low-frequency range, while sensitivity to sinusoidal flickering light increases with stimulus frequency in this frequency range (Gorea et al., 2000) . In addition, although magnetoencephalography (MEG) responses to sinusoidal flickering light have been found to increase with frequency increases in the low-frequency range, this pattern was not observed 0042-6989/$ -see front matter Ó 2011 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres.2011. 04.014 in MEG responses to the envelope of AM flickering light (Okamoto & Nakagawa, 2011) . The results of these two studies (Gorea et al., 2000; Okamoto & Nakagawa, 2011) suggest that the envelope component of the AM flickering light is independent of processing by the band-pass channel in the visual system.
The present study investigated whether the low-pass (lower temporal frequency) channel and the band-pass (higher temporal frequency) channel affect envelope perception, in order to examine temporal processing of the envelope of AM flickering light. In this study, an adapting stimulus with a low or high temporal frequency was presented to reduce the sensitivity of the lower or higher frequency channel in the visual system. We then measured detection thresholds for the low-frequency temporal envelope of AM flickering light consisting of high temporal frequencies. The AM flickering light had frequency components at the high carrier frequency but not at the low envelope frequency. If the temporal envelope produced by non-linearity somewhere in the visual system was mediated by the lower frequency channel, an elevation of detection threshold for the envelope would be expected after adaptation to a low temporal frequency. On the other hand, if the temporal envelope was not mediated by the lower-frequency channel, such a threshold elevation would not be expected. In addition, after adaptation to a high temporal frequency, sensitivity to the carrier component of AM flickering light would decrease, so that the detection threshold for the temporal envelope of AM flickering might be elevated. Under the same adaptation conditions, the detection thresholds for sinusoidal flickering lights were also measured to reconfirm whether the temporal channels were affected by the adapting stimuli.
Methods

Participants
Five healthy right-handed adults (three male and two female) participated in the study. Age ranged from 22 to 34 years (mean age 29 years). All had normal or corrected-to-normal vision and reported no history of neurological disorders.
Stimuli
The stimuli were presented to the participants via a matrix of 5 Â 5 green light-emitting diodes (LEDs) (diameter of 5 mm, spaced 3 mm apart) that subtended 2.3°Â 2.3°in visual angle. The LED matrix, mounted on a matte black panel, was placed 90 cm from the participant's eyes in a dimly lit room. LED luminance was measured using a digital luminance meter and non-linearity was corrected. In this study, a steady light and sinusoidal flickering lights were used as adapting stimuli. As test stimuli, a sinusoidal flickering light and a sinusoidal flickering light which was amplitude-modulated sinusoidally (AM flickering light) were used. The temporal variations in luminance of the sinusoidal flickering light, L S (t), and AM flickering light, L A (t), were given by
where t is time, L 0 is the mean luminance, m is the modulation depth, f m is the modulation frequency, and f c is the carrier frequency. The modulation frequencies for sinusoidal flickering light were set at 2 and 16 Hz, as used in an adaptation study of the effects of the two temporal channels (Hammett and Snowden, 1995) . The modulation and carrier frequencies of the AM flickering light were 2 and 16 Hz, respectively. The mean luminance for all stimuli was 20 cd/m 2 . The modulation depth of adapting stimuli was 0.8. The stimuli were generated using MATLAB (MathWorks, Inc.) at a sampling frequency of 1 kHz, and presented through a 16-bit digital-toanalog converter (USB-6229, National Instruments). Fig. 1 shows examples of luminance waveforms and amplitude spectra of sinusoidal and AM flickering lights. The AM flickering light had frequency components at the carrier frequency and its sidebands, but not at the modulation frequency.
Procedures
The detection thresholds for the test stimuli (the sinusoidal flickering lights and the AM flickering light) were estimated using the method of limits. The experiments included an initial adaptation period of 90 s and 15-s top-up adaptation periods. Following each adaptation period, the test stimulus was presented for 2 s. Each period was signaled by an auditory tone. The participant was asked to indicate whether he or she detected the modulation frequency of the test stimulus (2 or 16 Hz for the sinusoidal flickering light and 2 Hz for the AM flickering light), by pressing one of two buttons. In the descending series, the modulation depth of the test stimulus was decreased by 0.1 log unit step from suprathreshold level until the participant reported that they no longer detected the modulation frequency of the test stimulus. In the ascending series, the modulation depth of the test stimulus was increased from subthreshold level until the participant reported that he or she first detected the modulation frequency of the test stimulus. The last detected modulation depth was defined as the descending or ascending threshold, respectively. Two descending and two ascending thresholds were measured for each test stimulus under each adaptation condition. These two descending and two ascending thresholds were averaged. Fig. 2 shows the averaged detection thresholds for the sinusoidal flickering lights under the different adaptation conditions. For each test stimulus, a one-way analysis of variance (ANOVA) was performed with adaptation condition as a factor. Results showed that the detection threshold for the sinusoidal flickering light of 2 Hz was significantly higher after adaptation to the sinusoidal flickering light of 2 Hz than after adaptation to the steady light or the sinusoidal flickering light of 16 Hz (p < 0.01). In addition, the detection threshold for the sinusoidal flickering light of 2 Hz was significantly higher after adaptation to the sinusoidal flickering light of 16 Hz than after adaptation to the steady light (p < 0.01). For detection of the sinusoidal flickering light of 16 Hz, the threshold was significantly higher when the adapting stimulus was the sinusoidal flickering light of 16 Hz than the steady light or the sinusoidal flickering light of 2 Hz (p < 0.01). Fig. 3 shows the averaged threshold for detection of the temporal envelope (frequency of 2 Hz) of AM flickering light. One-way ANOVA showed that the detection threshold was significantly higher after adaptation to the sinusoidal flickering light of 2 Hz than after adaptation to the steady light or the sinusoidal flickering light of 16 Hz (p < 0.01).
Results
Discussion
The current results revealed that, for the detection of sinusoidal flickering light at a low temporal frequency (2 Hz), the detection threshold following adaptation to a low temporal frequency (2 Hz) was higher than that following adaptation to a steady light and a high temporal frequency (16 Hz), as shown in Fig. 2a . In addition, the detection threshold for sinusoidal flickering light at a high temporal frequency was higher following adaptation to a high temporal frequency than after adapting to a steady light and a low temporal frequency (Fig. 2b) , as found in previous studies (Moulden et al., 1984; Hammett and Snowden, 1995; Cass et al., 2009 ). These results suggest that a reduction in the sensitivity of the channel tuned for low temporal frequencies may have resulted from adaptation to the low temporal frequency. In addition, the sensitivity of the channel tuned for high temporal frequencies was reduced by adaptation to the high temporal frequency. It thus appeared that the two adapting stimuli with low and high temporal frequencies used in this experiment affected the lower and higher temporal channels, respectively.
For the AM flickering light with a low envelope frequency (2 Hz) and a high carrier frequency (16 Hz), significant threshold elevation for the temporal envelope was observed following adaptation to the frequency corresponding to the temporal envelope (2 Hz), as shown in Fig. 3 . This result indicated that sensitivity to the low-frequency envelope of AM flickering light was significantly reduced when the sensitivity of the lower temporal frequency channel was reduced, even though the AM flickering light had no frequency component at the envelope frequency. This result therefore suggests that the temporal envelope of AM flickering light, which may be generated by non-linear processing somewhere in the visual system, is mediated by the lower temporal frequency channel.
A study using temporal beat as an adapting stimulus reported that exposure to a low-frequency temporal beat stimulus did not cause threshold elevation for sinusoidal flickering light at the beat frequency (Hammett & Smith, 1994) . This result indicates that a low-frequency component that was not originally included in the stimulus did not reduce sensitivity to the low-frequency sinusoidal flickering light. On the other hand, the results shown in Fig. 3 demonstrate that a low-frequency sinusoidal flickering light caused threshold elevation for the low-frequency envelope of AM flickering light. This indicates that a low-frequency sinusoidal flickering light reduced sensitivity to the low-frequency component that was not originally included in the stimulus. This disparity may have arisen because the non-linear component not originally included in the stimulus could not reduce the sensitivity of the low-frequency channel sufficiently, whereas the sinusoidal component was able to reduce its sensitivity. There was no significant elevation of the detection threshold for the temporal envelope following adaptation to the temporal frequency corresponding to the carrier frequency of the AM flickering light (Fig. 3) . This result suggests that the reduction of sensitivity to the carrier component of the AM flickering light may not markedly affect the perception of the envelope generated by non-linear processing. Regarding processing of the temporal envelope, a study using AM flickering light with a sinusoidal carrier (above 10 Hz) showed that the perceived brightness of the envelope of AM flickering light is dependent on the carrier frequency, and decreased with increasing carrier frequency (Okamoto et al., 2009) . This result suggests that the envelope component of AM flickering light arises after the carrier component of AM flickering light is affected by high-frequency attenuation due to the higher or lower temporal channel. Previous studies have reported that sensitivity and cortical responses to the temporal envelope of AM flickering lights do not increase with increases in envelope frequency in the range of 2-8 Hz, while sensitivity and cortical responses to sinusoidal flickering light increase with stimulus frequency in this frequency range (Gorea et al., 2000; Okamoto & Nakagawa, 2011) . The absence of increase in sensitivity and cortical responses suggests that the envelope component of the AM flickering light is independent of the higher band-pass channel in the visual system. In addition, the present results suggest that the low-frequency envelope of AM flickering light with a high-frequency carrier is mediated by the lower temporal channel in the visual system. Taken together, these findings suggest the possibility that a low-frequency envelope component of AM flickering light composed of high-frequency components is generated after the carrier component of AM flickering light passes through the higher temporal channel, and that the generated envelope is mediated by the lower temporal channel in the visual system.
The configuration of the two temporal channels is not yet clear. The two temporal channels are typically assumed to be independent and to process visual signals in parallel. However, masking and adaptation studies suggest that the two temporal channels are not independent, and exhibit significant interaction (Cass & Alais, 2006; Cass et al., 2009 ). Moreover, it is possible that visual signals are processed by the two temporal channels (filters) in cascade . The present study suggested the possibility that a low-frequency envelope component of AM flickering light with a high-frequency carrier may be generated after processing by the higher temporal channel, while generated envelope is mediated by the lower temporal channel. This supports the notion that the two temporal channels are not independent. Moreover, this possibility may be explained by the proposal that the first is a high-frequency channel and the second a low-frequency channel, and that the low-frequency channel receives inputs from the high-frequency channel, but not vice versa (Cass & Alais, 2006; Cass et al., 2009) . The proposal that two temporal channels interact asymmetrically is supported by the present results regarding sinusoidal flickering lights. The results of Cass and colleagues' adaptation study indicated that high temporal frequency adaptation reduced sensitivity to both low and high temporal frequencies, whereas low temporal frequency adaptation preferentially reduced sensitivity to low temporal frequencies only (Cass et al., 2009) . The researchers interpreted their results as indicating that the low-frequency channel receives noisy adaptive inputs from the high-frequency channel, but not vice versa. The present results revealed that adaptation to a high temporal frequency (16 Hz) elicited a significant reduction of sensitivity to both low and high temporal frequencies. In contrast, only a significant reduction of sensitivity to a low temporal frequency (2 Hz) was observed following adaptation to a low temporal frequency (Fig. 2) . These results thus confirmed previously reported the adaptation effects, lending further support to the proposed asymmetric interaction between temporal channels.
Conclusion
We measured the detection thresholds for sinusoidal flickering lights and temporal envelopes of AM flickering light following adaptation to a steady light or a sinusoidal flickering light at a low or high temporal frequency. The detection threshold for the sinusoidal flickering light at a low (or high) temporal frequency increased when a temporal frequency of adapting stimulus was low (or high), as a result of the reduction of sensitivity of the lower (or higher) temporal frequency channel. In addition, the detection threshold for the low-frequency temporal envelope of AM flickering light with a high-frequency carrier was increased following adaptation to a low temporal frequency, although the AM flickering light had no frequency component at the frequency corresponding to the low temporal envelope. This result suggests that the low temporal envelope, which is generated by non-linear processing in the visual system, is mediated by the lower temporal channel. Moreover, together with previous findings, this result suggests the possibility that a low-frequency envelope component of AM flickering light with a high-frequency carrier arises after the carrier component of AM flickering light passes through the higher temporal channel, and that the generated envelope is mediated by the lower temporal channel in the visual system.
